Abstract Tuberous sclerosis complex (TSC) is an autosomal dominant neurocutaneous syndrome caused by mutations in TSC1 and TSC2. However, 10-15% TSC patients have no mutation identiWed with conventional molecular diagnostic studies. We used the ultra-deep pyrosequencing technique of 454 Sequencing to search for mosaicism in 38 TSC patients who had no TSC1 or TSC2 mutation identiWed by conventional methods. Two TSC2 mutations were identiWed, each at 5.3% read frequency in diVerent patients, consistent with mosaicism. Both mosaic mutations were conWrmed by several methods. Five of 38 samples were found to have heterozygous non-mosaic mutations, which had been missed in earlier analyses. Several other possible low-frequency mosaic mutations were identiWed by deep sequencing, but were discarded as artifacts by secondary studies. The low frequency of detection of mosaic mutations, two (6%) of 33, suggests that the majority of TSC patients who have no mutation identiWed are not due to mosaicism, but rather other causes, which remain to be determined. These Wndings indicate the ability of deep sequencing, coupled with secondary conWrmatory analyses, to detect low-frequency mosaic mutations.
Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant neurocutaneous syndrome of high penetrance, characterized by a highly variable phenotype and the development of multiple hamartomas at various sites throughout the body (Crino et al. 2006; Gomez et al. 1999) . Approximately 60-70% of TSC cases are sporadic, reXecting a high spontaneous mutation rate in the two genes, TSC1 and TSC2 (European Tuberous Sclerosis Consortium 1993; Sampson et al. 1989; van Slegtenhorst et al. 1997) .
Comprehensive mutation detection studies have led to identiWcation of mutations in 70-90% of TSC patients Dabora et al. 2001; Jones et al. 1999; Niida et al. 1999; Sancak et al. 2005 ) (http://chromium.liacs.nl/ LOVD2/TSC/home.php). More than 1,500 mutations and more than 800 unique mutations have been identiWed in TSC1 and TSC2 combined. However, 10-15% of TSC patients have no mutation identiWed (NMI), despite a thorough molecular diagnostic assessment, including analysis for large genomic deletions. These NMI TSC subjects generally have milder clinical features of TSC than patients with identiWed TSC1 or TSC2 mutations (Dabora et al. 2001; Sancak et al. 2005) .
Although a third gene for TSC is a possibility, there is no discrete evidence for this at this time. On the other hand, both somatic (generalized) and germline (conWned gonadal) mosaicism for TSC1 and TSC2 mutations have been described in many TSC patients and their parents, respectively (Kozlowski et al. 2007; Kwiatkowska et al. 1999; Rose et al. 1999; Sampson et al. 1997; Verhoef et al. 1999; Jones et al. 2001; Yates et al. 1997 ). In addition, mosaicism is known to occur at a high rate in several other tumor suppressor gene and other syndromes (Aretz et al. 2007 ; Kluwe and Mautner 1998; Leuer et al. 2001; Lietman et al. 2005; Maertens et al. 2006a; Vandenbroucke et al. 2004) . Thus, mosaicism is a credible explanation for the failure to detect mutations in NMI patients.
Many diVerent methods have been developed to identify mosaic mutations (Aretz et al. 2007; Emmerson et al. 2003; Janne et al. 2006; Lietman et al. 2005; Maertens et al. 2006b; Newton et al. 1989) . A newer approach to the identiWcation of mosaic mutations in DNA samples is to perform sequencing at the single molecule level, analyzing a large enough sample of individual amplicons/molecules that mosaicism can be readily detected (Mardis 2008; Margulies et al. 2005; Shendure et al. 2005; Smith et al. 2008; Thomas et al. 2006) . Here, we report the results of this approach in the analysis of TSC NMI patients, searching for mosaicism. We used the ultra-deep pyrosequencing technique of 454 Sequencing on the Genome Sequencer FLX system (Roche) to identify mosaicism mutations in two of 33 TSC patients. This method proved to be robust and sensitive. However, this low rate of mosaic mutation detection suggests that most TSC NMI patients are not explained by mosaicism.
Materials and methods

TSC patients
All TSC patients who participated in this study provided informed consent for this research, and the study was approved by the Partners Human Research Committee, the Institutional Review Board for the Partners Hospitals.
Thirty-eight TSC patients, all of whom were sporadic cases without evidence of parental TSC, provided blood samples for DNA extraction, which was performed by standard means. All of the patients met standard diagnostic criteria for deWnite TSC (Roach et al. 1998) , and had been previously studied by preceding DHPLC or direct exon sequencing in diVerent diagnostic labs to identify mutations in TSC1 and TSC2, with no mutation identiWed.
Clinical information on the major manifestations of TSC was collected for these patients. This consisted of information on CNS involvement (seizure history, developmental history, subependymal nodules, subependymal giant cell astrocytomas, tubers, and retina lesions), skin involvement (white spots, facial angioWbroma, forehead plaque, shagreen patch, ungula Wbroma, and confetti macules), renal angiomyolipoma and cysts, and lymphangioleiomyomatosis, and cardiac rhabdomyoma. Each of these four was considered a diVerent organ system to assess the number of organ systems involved in an individual patient. Renal angiomyolipoma and lymphangioleiomyomatosis were considered one organ system because of evidence that they are closely related, and that the abnormal cells travel via the lymphatics and bloodstream from one organ to the other (Crino et al. 2006 ). Six of these 38 patients, all females, had lymphangioleiomyomatosis.
Examination for large genomic deletions All DNA samples were examined for genomic deletions in TSC1 and TSC2 using multiplex ligation-dependent probe ampliWcation, including probe sets for each of the exons of TSC1 and TSC2, as described previously (Kozlowski et al. 2007 ).
Exon ampliWcation and deep sequencing
The 62 TSC1 and TSC2 coding exons were ampliWed using 65 specially designed oligonucleotide primers (Simen et al. 2009 ). The composite primers each contained a 15-28-bp target-speciWc sequence at their 3Ј-end; and a common 19-bp region that is used in subsequent clonal ampliWcation and sequencing reactions at their 5Ј-end. Amplicons ranged in size from 135 to 393 bp, with an average and median size of 254 and 237 bp, respectively. PCR primers were backed up from exon boundaries by a minimum of 10 nt on the 5Ј Xanking side and a minimum of 6 nt on the 3Ј Xanking side for all but a few exons, in the latter case due to primer design constraints.
For each patient sample, PCR was performed on 10-25 ng of genomic DNA using the FastStart High Fidelity PCR System (Roche) and standard thermocycling conditions on a PTC-200 thermocycler. PCR conditions were individualized for each amplicon, and the most common was: 5 min denaturation at 96°C, followed by Wve cycles of denaturation for 30 s at 94°C, annealing for 30 s at 55°C and extension for 45 s at 72°C, 30 cycles of denaturation for 30 s at 94°C, annealing for 30 s at 60°C and extension for 45 s at 72°C, and Wnal extension for 10 min at 72°C. Amplicon products were assessed by agarose gel electrophoresis, puriWed using AMPure SPRI beads (Agencourt Bioscience Corporation, Beverly, USA), quantiWed by measurement on a Nanodrop instrument (ThermoScientiWc), and then pooled at an equimolar ratio for each individual patient for sequencing.
Single PCR amplicon molecules were captured on individual 28-m beads within an oil-water emulsion to enable clonal ampliWcation in a second PCR process with universal primers that yields about 10 7 copies of the input DNA molecule. The emulsion was then disrupted, the beads were isolated, and loaded into picotiter plates containing wells of size 44 m. Sequencing reactions are performed by synthesis using pyrosequencing (Margulies et al. 2005) . This process, ultra-deep pyrosequencing (UDPS) technique of 454 Sequencing on the Genome Sequencer FLX system (Roche Applied Sciences, Indianapolis, USA), was performed at the 454 facility in Branford, CT, USA. To enhance sample throughput and reduce costs, individual patient samples were analyzed on picotiter plates in sets of eight, using a gasket device to provide separation among samples and wells.
The ultra-deep sequence data were analyzed using GS Amplicon Variant Analysis (AVA) Software to identify sequence variants in TSC1 and TSC2 (Simen et al. 2009 ). Amplicon nucleotide sequence reads were aligned to the Human Mar. 2006 (hg18) assembly genomic sequence of TSC1 and TSC2. The Xowgram signals were used in concert with each read's base-called nucleotides to facilitate alignment accuracy. Reads from both orientations were combined into a single alignment, and primer regions were automatically trimmed to avoid artifacts from the nucleotide content of the synthesized primers. The AVA software identiWes all nucleotide variants, and provides read counts and frequencies. Individual Xow grams were reviewed to examine and conWrm all variant calls made by the software.
Allele-speciWc PCR Allele-speciWc PCR was used to conWrm low-frequency variants. The allele-speciWc primer was designed to have its 3Ј-end nucleotide sit at the variant nucleotide, and to have an additional 3Ј subterminal mismatch to enhance speciWcity of ampliWcation. The primer sequences used can be supplied on request. DiVerent annealing temperatures during PCR were tested for each variant to obtain maximum discrimination between wild type and variant sequences.
SNaPshot analysis
SNaPshot analysis was used to both conWrm and quantify the proportion of the mutation in patients with suspected mosaicism, following the manufacturer's protocol (ABI Prisms SNaPshot TM Multiplex Kit; Applied Biosystems). SNaPshot is a single nucleotide extension sequencing method in which a single dye-labeled dideoxy nucleotide is added to primers localized adjacent to a site of suspected variation (Kaminsky et al. 2005) . The products of the primer extension reaction were analyzed on an ABI 3100 sequencer (Applied Biosystems), and the proportion of normal and mutant DNA were quantiWed using GeneMapper version 3.0 (Applied Biosystems). In this analysis, small peaks are seen for variant nucleotides in many cases due to spontaneous base misincorporation. However, comparison with control samples permits discrimination of bona Wde variant frequency down to 5% or less (van Oers et al. 2005 Lurkin et al. 2010 . The degree of mosaicism, expressed as percentage of mutant to total DNA, was calculated as follows: the peak areas of the mutant (M) and wild (W) DNA were determined, and used in the formula: M/(M + W) £ 100%. All experiments were performed in duplicate.
SURVEYOR digestion and fragment analysis by DHPLC SURVEYOR nuclease recognizes mismatches present in heteroduplex DNA and cleaves both strands on the 3Ј-side of the mismatch distortion. This method was used to conWrm deep sequencing Wndings as described previously . BrieXy, DNA amplicons were treated with the SURVEYOR nuclease, puriWed, and then analyzed by high-performance liquid chromatography (HPLC) on the Transgenomic WAVE Nucleic Acid High Sensitivity Fragment Analysis System (WAVE HS system; Transgenomic, Omaha, NE, USA).
Mass spectrometry analysis
Variant allele frequency was also determined using MALDI-TOF (Matrix-assisted laser desorption ionization time of Xight) mass spectrometry on the Sequenom (San Diego, CA, USA) platform. Primers were designed using MassARRAY Assay Design version 3.1, and amplicons were subject to single base extension sequencing using the iPLEX chemistry (Sequenom), followed by mass spectrometry, and interpretation using Typer 4.0 software. Spectrometry proWles were imported into ImageJ v1.32j (W. Rasband, NIH) for quantiWcation of variant allele frequency, using the same formula described above for SNaPshot.
Statistical analyses
Statistical comparisons were made using the Mann-Whitney test for unpaired observations.
Results
Initial results of deep sequencing analysis: identiWcation of non-mosaic mutations
Thirty-eight sporadic TSC patient blood DNA samples were analyzed by the ultra-deep pyrosequencing technique of 454 Sequencing on the Genome Sequencer FLX system (Roche) (see "Materials and methods" for details) to search for mosaic mutations. Sixty-Wve amplicons were used to cover the 62 coding exons of TSC1 and TSC2, with median and mean amplicon size of 237 and 254 bp, respectively. Median and mean read numbers, obtained using a gasket to enable analysis of eight samples per plate, were 610 and 664, respectively. 95.1% of amplicons had read numbers >200, while 98.5% had read numbers >100. 73% of the nucleotides in TSC1 and TSC2, in total, were covered by bidirectional sequence reads.
The 38 samples had 0-5 (median 0) heterozygous sequence variants detected in TSC1 and 0-7 (median 1) heterozygous sequence variants detected in TSC2. This included all of the common SNPs previously detected in each of these genes (http://chromium.liacs.nl/LOVD2/TSC/home.php).
Five of the 38 samples analyzed had readily observable mutations at read frequencies from 41 to 53% (Table 1) . These mutations were veriWed by standard dideoxy sequencing analysis of fresh PCR amplicons. None of these mutations appeared to be mosaic based on review of the standard sequencing traces, consistent with the observed variant read frequencies.
Four of these Wve mutations were clearly pathogenic, having been identiWed previously in TSC patients (two cases), or having a chain-terminating eVect (two cases). One variant caused a missense change (R1062W) in TSC1 which has not been reported previously and may not be pathogenic, but is a non-conservative amino acid change. One additional patient analyzed was homozygous for the rare allele of seven diVerent TSC2 SNPs, including a SNP for which the rare allele frequency is less than 1%, suggesting the possibility of an unusual family structure (inbreeding) or a gene conversion event in TSC2 that could not be detected by MLPA. All DNA samples were analyzed by MLPA for each coding exon of TSC1 and TSC2 (Kozlowski et al. 2007) , and had no evidence for a deletion.
Low-frequency sequence variants and detection of mosaic mutations
Many sequence variants were detected in this analysis at a frequency of <10% using the AVA software. We established the following criteria for selecting variants with high likelihood of being true variants: (1) variants detected in more than one sample at low frequency were excluded under the assumption that they arose as an artifact of the PCR or other process step; (2) variants detected in <5 sequencing reads were excluded; (3) manual review of variants was performed and any reads determined to be of poor quality were excluded. Thirty-one variants remained, which were seen at a frequency of 0.5-6% (Table 2) . No variants were detected at a read frequency of 6-30%. Subsequent analysis focused on the 11 sequence variants that were seen at a read frequency of >2%.
ConWrmation of potential mosaic mutations
Two mosaic mutations, each at a read frequency of 5.3% (Table 3) , were initially examined by allele-speciWc PCR. However, the distinction between the mosaic samples and control samples was slight, and we performed additional studies.
Both mutations were conWrmed by SNaPshot single base extension sequencing (Figs. 1, 2) . For the 5228G>A mutation, we performed a dilution experiment using serial mixtures of heterozygote DNA (provided by Drs. Au and Northrup) and a control DNA sample. The primer giving the clearest result was in the reverse direction. The observed values of the decreasing T signal were close to expected values in the mixing experiment (Fig. 1) . Multiple replicate analyses of the patient's DNA sample gave a T signal value of 10.5%. In contrast, parental leukocyte DNA samples showed no T signal when analyzed in parallel (Fig. 1) . For the 1444-1G>A mutation, we could not perform a mixing study due to lack of availability of a heterozygote patient sample. However, when analyzed by SNaPshot, an A (mutant) signal was detected in both patient and control DNA (due to base misincorporation), but was signiWcantly higher in the patient (Fig. 2) . The DHPLC following SURVEYOR digestion of fragments was also used to conWrm the presence of a mutation in these samples. DHPLC elution curves for two exon 40 amplicons from two diVerent DNA samples are shown in Fig. 3a . The dashed line is derived from the 5228G>A heterozygote sample. Two stars indicate the fragments generated by SURVEYOR digestion of this sample at the site of mismatch. The solid line is derived from the patient who appears to be mosaic for the same 5228G>A mutation. Two stars indicate the presence of fragments whose size is similar to that from the heterozygote sample, but peak heights are much lower than that from the heterozygote sample. However, other peaks are also seen which are due to the occurrence of a polymorphism in this exon in this patient. For the 1444-1G>A mosaic sample, there was a weak signal at a mismatch point in the patient's amplicon, but no signal was detected in control (Fig. 3b) .
Mass spectrometry on the Sequenom platform was also used to conWrm the presence of mosaicism in these two samples. Following single base extension sequencing, variant extension products determined by mass spectrometry represented 8.7% (range 7.7-9.8%, n = 3) of the total extension product for the 5228G>A variant; and 5.6% (range 4.6-6.8%, n = 3) of the total extension product for the 1444-1G>A variant (Fig. 4) . No (<1%) extension product was seen for any of the control samples (n = 3 for each) by this method. Fig. 1 Quantitative analysis of TSC2 5228G>A mutation using SNaPshot. Genemapper images are shown. Top row analysis of a dilution series using a heterozygote patient with the 5228G>A mutation and a control sample. The expected percent of the mutant allele obtained from mixing of heterozygote and control samples is shown beneath each image, while the percent quantiWed by analysis of peak ratios of the mutant G and wild type A signals is shown in gray. Bottom row analysis of the mosaic patient and his parents. Note that the mutant T allele is detected only in the patient but not in his parents. Other peaks seen are non-speciWc products, which do not vary consistently according to the DNA sample analyzed Nine other sequence variants were seen at a read frequency of 2-4% by deep sequencing, of which two were indel mutations and seven were point mutations ( Table 2 ).
All nine variants were evaluated by SNaPshot sequencing, and there was no evidence of the presence of these mutations in the original DNA samples by this method. In each case, replicate samples gave variant base incorporation signals that diVered from control samples by <1% (data not shown). Therefore, they did not appear to be bona Wde mutations, but rather artifacts of the deep sequencing process.
Genotype-phenotype comparisons
Clinical information on the TSC manifestations in these 38 patients was used for comparison between mutation detection status and clinical phenotype. Clinical data were available for brain involvement, skin involvement, renal/lung involvement, and cardiac rhabdomyoma. Each of these four was considered a diVerent organ system to assess the number of organ systems involved in an individual patient (renal and lung involvement were combined because of evidence that there is a common origin for these pathologic processes; Crino et al. 2006 ). There was a wide range of severity of manifestations among these patients, as commonly seen in TSC, including eight patients with four organ systems involved, and two with only a single organ system involved. The clinical features were overall milder Fig. 2 Quantitative analysis of TSC2 1444-1G>A mutation using SNaPshot. a Genemapper image shows that extension products corresponding to the mutant A allele are detected in both patient and control blood DNA (reverse primers being used here). b The frequency of the mutant allele in the patient was signiWcantly higher than in controls in replicate analyses (unpaired Mann-Whitney test) Fig. 3 SURVEYOR-HPLC analysis to conWrm TSC2 mosaic mutations. a HPLC elution proWle for TSC2 exon 40 amplicons from two DNA samples. The dashed line is derived from the 5228G>A heterozygote sample. Two stars indicate the fragments generated by digestion. The solid line is derived from the mosaic individual. Two stars indicate the presence of fragments whose size is similar to that from the heterozygote sample. Other peaks are due to a polymorphism in the mosaic individual. b DHPLC elution curve for TSC2 exon 14 amplicons from two DNA samples. The solid line is derived from the individual with the 1444-1G>A mosaic mutation, and the dashed line is from a control sample. The star indicates the fragment generated by SURVEYOR digestion of the mosaic sample, which is not seen in the control sample. This is shown at higher magniWcation in the inset than ordinary TSC, as noted previously in NMI patients. We compared the number of organ systems involved in the Wve patients with heterozygote mutations identiWed here, the two patients with mosaic mutations, and the 31 patients who were still NMI after this analysis. The Wve patients with heterozygote mutations had more organ systems Mass spectrometry spectra are shown for two sets of single nucleotide sequencing reactions. a-d Analysis of the TSC2 5228G>A variant; a, b are duplicate samples from the mosaic DNA sample; c, d are control samples from the parents of the mosaic individual. e-h Analysis of the TSC2 1444-1G>A variant; e, f are duplicate samples from the mosaic DNA sample; g, h are control samples. Note the presence of a distinct peak for the variant A nucleotide only in the mosaic samples, a, b, e, and f. The mass shifts are diVerent in the two reactions because the extension oligonucleotides were in the opposite orientation for these reactions involved (median 4, mean 3.8) than the 31 patients with persistent NMI status (median 2, mean 2.5) (P = 0.01, Mann-Whitney test). The two patients with mosaic mutations had two and three diVerent organ systems involved, and formal statistical comparison to the other groups could not be performed due to the limited sample size.
Discussion
In this work, we performed deep sequencing on 38 sporadic TSC patient blood DNA samples to search for mosaic mutations. Five (4 deWnite and 1 probable) mutations were identiWed in patients at heterozygote frequency. These Wve mutations were easily conWrmed by standard sequencing analysis, implicating some kind of laboratory error or sample mix-up as the reason for their lack of detection in analyses performed prior to this study.
The frequency of mosaicism detection in these NMI patients (2 of 33, 6.1%) is lower than we had hypothesized. However, this study has some limitations. The depth of coverage, or read number, was not uniform for all TSC1 and TSC2 exons. This is a general problem when pooling amplicons for deep sequencing, as noted by others (Rohlin et al. 2009 ). We had >200 reads for 95.1% of amplicons, >400 reads for 78.7% of amplicons, and a median read number of 610. For a mosaic mutation occurring at 5% allele frequency, the probability of detection of ¸5 reads would be 97.4% for 200 reads, and ¸99.9% for >400 reads. Thus, our overall power for detection of mosaicism at 5% allele frequency was >95%. At 2.5% allele frequency, however, the probability of detection of ¸5 reads would be 61.6% for 200 reads and ¸97.3% for >400 reads. Thus, our overall power for detection of mosaicism at 2.5% allele frequency was >90%. Clearly the power of detection for even lower frequency mosaicism (·2% allele frequency) is relatively low with this number of reads. Deeper coverage would be more sensitive.
Although we could have pursued conWrmation of the sequence variants detected by repeat deep sequencing, we felt it is important to conWrm the Wndings by alternative methodology. SNaPshot sequencing was the simplest method for the conWrmation in our experience, though it has limitations, and cannot reliably detect mosaicism at the level of 2% or less in our experience. However, as shown here and previously reported (van Oers et al. 2005; Lurkin et al. 2010) , SNaPshot is capable of detection of mosaicism as low as 2.5% mixture of the variant allele in some cases, and reliably detects mosaicism down to 5%. Single base extension sequencing with mass spectrometry analysis appeared to be more sensitive, though it is clearly more costly and diYcult to implement in the routine diagnostic laboratory. ConWrmation of mosaicism at 2% or less is diYcult by any common technique. As deep sequencing costs continue to fall, and equipment becomes more widely available, deep sequencing at very high read depths, or used in replicate manner for conWrmation of initial Wndings may well become the best approach for both detection and conWrmation of low-level mosaicism.
Nine sequence variants detected by deep sequencing, seen at 2-4% read frequency, could not be conWrmed by SNapShot analysis. Despite our use of a high Wdelity Taq Polymerase during the PCR reactions for ultradeep sequencing (FastStart High Fidelity Taq Polymerase, Roche), we suspect that they were due to spontaneous base misincorporation events occurring early during PCR ampliWcation.
Since our rate of detection of bona Wde mosaicism was quite low (2 of 33, 6.1%), this suggests that mosaicism is not the only mechanism which explains lack of molecular Wndings in TSC NMI patients. Mosaicism for TSC2 mutations has been found in as many as 27% of index patients with combined TSC2-polycystic kidney disease syndrome due to genomic deletion of parts of both TSC2 and PKD1 (Sampson et al. 1997 ). Other studies have also shown that mosaicism appears generally to be more common with genomic deletion mutations than with smaller indels and point mutations in TSC2 (Cheadle et al. 2000; Kozlowski et al. 2007; Verhoef et al. 1999; Jones et al. 1999) . Since genomic deletions in TSC1 or TSC2 are recognized in about 5-10% of all TSC patients, it is very unlikely that low-level mosaic genomic deletions account for the 10-15% of TSC patients that are NMI.
Tuberous sclerosis complex patients with mosaicism have been found to have less severe disease than those with full mutations, consistent with a dosage eVect (Sampson et al. 1997) . However, it has also been noted that TSC NMI patients have a milder phenotype than those with TSC2 mutations, consistent with mosaicism as a potential explanation in the NMI patients (Dabora et al. 2001; Sancak et al. 2005) . We have replicated these previous observations here, as the Wve patients with heterozygote frequency mutations had more organ systems involved than the patients with persistent NMI status after this deep sequencing.
There are several possible explanations for the patients with persistent NMI status after deep sequencing. First, there may be some TSC patients who have generalized mosaicism at a level less than 2%, as well as some in whom there is localized somatic mosaicism. Two of the patients studied here had only a single organ system of involvement by TSC (one skin only, one brain only features), and these are good candidates for localized somatic mosaicism. However, this seems very unlikely for patients with three or more organ systems involved (44% of the persistent NMI group). A second possibility is that mutations present in introns (and thus undetected) or found in exons but unrecognized as causing splicing eVects, account for a signiWcant fraction of the NMI group. However, six of our persistent NMI patients had no variation at all within the coding exons of TSC1 or TSC2, and most sequence variants identiWed were relatively common SNPs found in many unaVected individuals. Thus, exonic variation causing splicing defects is not a likely explanation. Intronic variation might also cause splicing defects, but this is generally quite rare in human genetic disorders. Third, there is always the possibility of a third TSC gene. Fourth, promoter and enhancer mutations in upstream regions of TSC1 and TSC2 may cause loss of expression, and these regions are not commonly examined.
Mosaic mutations are common in many tumor suppressor gene syndromes in the Wrst aVected member of the family (Hall 1988; Kluwe and Mautner 1998) . To our knowledge, our work is the Wrst to identify mosaic mutations from blood DNA by deep sequencing for any human genetic disease. Although DHPLC analysis of heteroduplexes can detect mosaicism at a level as low as 6.5% in some cases (Jones et al. 2001) , it is not clear how often mutations would be detected by DHPLC when present at this frequency. Moreover, one of the samples in which a mosaic mutation was identiWed here had been extensively screened by DHPLC analysis in more than one lab prior to the identiWcation of this mosaic mutation.
Thus, overall this work shows that deep sequencing is an eVective strategy for mosaicism detection. In addition, it appears to identify heterozygote mutations missed in some cases by conventional diagnostic methods. As deep sequencing costs continue to fall, enabling greater read depth, one can anticipate that this method will become even more eVective for this purpose. However, at present, use of deep sequencing as a method for routine clinical diagnostic evaluation of TSC1 and TSC2 in NMI TSC patients cannot be recommended without further development, including signiWcant improvement in the throughput to cost ratio.
